Suzuki presented models for mixed irradiation with two and multiple types of radiation by extending the Zaider and Rossi model, which is based on the theory of dual radiation action. In these models, the repair function was simply assumed to be semi-logarithmically linear (i.e., monoexponential), or a first-order process, which has been experimentally contradicted. Fowler, however, suggested that the repair of radiation damage might be largely a second-order process rather than a first-order one, and presented data in support of this hypothesis. In addition, a second-order repair function is preferred to an n -exponential repair function for the reason that only one parameter is used in the former instead of 2 n -1 parameters for the latter, although both repair functions show a good fit to the experimental data. However, according to a second-order repair function, the repair rate depends on the dose, which is incompatible with the experimental data. We, therefore, revised the models for mixed irradiation by Zaider and Rossi and by Suzuki, by substituting a 'reciprocal-time' pattern of the repair function, which is derived from the assumption that the repair rate is independent of the dose in a second-order repair function, for a first-order one in reduction and interaction factors of the models, although the underlying mechanism for this assumption cannot be well-explained. The reduction factor, which reduces the contribution of the square of a dose to cell killing in the linear-quadratic model and its derivatives, and the interaction factor, which also reduces the contribution of the interaction of two or more doses of different types of radiation, were formulated by using a 'reciprocal-time' pattern of the repair function. Cell survivals calculated from the older and the newly modified models were compared in terms of the dose-rate by assuming various types of single and mixed irradiation. The result implies that the newly modified models for mixed irradiation can express or predict cell survival more accurately than the older ones, especially when irradiation is prolonged at low dose rates.
INTRODUCTION
It is important to assess the effects of mixed irradiation on living organisms, including humans, from sources such as the environment, accidents, space, or medicine 1) . Mixed irradiation occurs simultaneously rather than sequentially in nature. However, few experiments of simultaneous mixed irradiation have been carried out, because there have been few facilities for simultaneous irradiation with two types of radiation 2, 3) , much less with more than two types.
Under these difficult circumstances, it is adequate and useful to analyze the effects of mixed irradiation theoretically.
Based on the theory of dual radiation action (TDRA) 4) , Zaider and Rossi developed a model for mixed irradiation 5) . Suzuki extended this model for application to any type of mixed irradiation with two types of radiation 6) . He further improved this extended Zaider and Rossi model for application to simultaneous mixed irradiation with multiple types of radiation 7) . However, the repair function included in all of these models was taken from the assumption that the rate of repair is proportional to the amount of damage, which is called first-order kinetics repair, and is represented by (1) where n is the number of damages and k is a constant. The solution of Eq. (1) is expressed by the ratio of the number of damages at time t to that at time 0 ( n t / n 0 ), (2) The ratio decreases in a semi-logarithmically linear manner with increasing time, t . However, Fowler 8) examined published data on the relationship between the number of damages and time, and suggested that the damages were repaired in a manner of second-order kinetics (Eq. (3)), rather than first-order (Eq. (1)),
The solution of Eq. (3) is easily obtained,
and indicates that reciprocal plots ( n 0 / n t ) of the ratio of damages bring about a linear line against time.
He also made a remark concerning current radiation models: "It is somewhat curious that only the first-order (exponential) concept of repair has been used in interpreting experimental data in most cell and all animal systems,.....", ".....perhaps second-order repair should be considered as well or instead." Because his remark is absolutely correct, we tried to revise the models for mixed irradiation by Zaider and Rossi 5) and Suzuki 6, 7) by replacing the first-order repair function by a second-order one. However, the fraction of damage represented by Eq. (4) is a function depending on not only time t , but also the initial damage, n 0 , and hence the dose, D. However, as pointed out by Dale et al . 9) , little or no increases in the repair rate with the dose were reported; many experiments with a single dose contradict the idea that the first half time decreases inversely with the dose. We, therefore, consider it appropriate that modeling of n t/ n 0 should be started from Eq. (5) with a constant τ (the first half time of repair after the end of irradiation), (5) not from Eq. (3), apart from the solution of Eq. (3) and its mechanism 8, 9) , since the experimental data well fit Eq. (4), as analyzed by Fowler 8) . We hereafter call Eq. (5) a 'reciprocal-time' pattern of the repair function 9) . The survival of cells after sequential mixed irradiation with two types of radiation or a single irradiation ( D 2 =0 ) is represented by as follows 5, 6) : (6) where S is the surviving fraction of cells after mixed irradiation of the time interval T , and α i and β i are parameters of the linear-quadratic (LQ) model irradiated with a single dose, D i , of radiation i during the irradiation time, t i . The reduction factor, q(t i ) , and the interaction factor, q 12 ( t 1 , t 2 , T ), in which the dose-rate effects are involved include a repair function of Eq. (2) in the older models, and the interaction factor depends on the type of mixed irradiation ( e.g ., sequential, simultaneous or partially simultaneous mixed irradiation 6) ). Furthermore, the survival of cells after simultaneous irradiation with multiple types of radiation (SIMR) is given by as follows
n n n kt
where S 1,..., n ( D ) is the surviving fraction of cells by SIMR, n the number of radiations and q(t) the reduction factor. α 1,..., n and β 1,..., n are parameters of the LQ model for SIMR and k i the dose fraction of radiation i , which are given as
In this paper, we present revised models for mixed irradiation which have been obtained by substituting the 'reciprocal-time' pattern of the repair function (Eq. (5)) for the first-order one (Eq. (2)) in the reduction and interaction factors of older models, and compare the survival curves calculated from the older and newly revised models for single irradiations and simultaneous irradiations with two types of radiation by assuming arbitrary low and high dose rates.
MATERIALS AND METHODS
The materials and methods used to obtain parameters α and β of the LQ model were described previously by Furusawa et al . 10) Briefly, Chinese hamster V79 cells in Ham's F10 medium supplemented with 15% fetal bovine serum (FBS) were grown at 37 ° C in a CO 2 incubator. Cells were irradiated with X-rays and 12 C-ions, and the cell survivals were obtained by the colony formation method. The cell-survival parameters, α and β , were calculated by fitting the data to the LQ model (either D 2 = 0 and q ( t 1 ) = 1 in Eq. (6) because of a single irradiation and high dose rates in short irradiation time, respectively, or n = 1 and q(t) = 1 in Eq. (7)) [10] [11] [12] . Survival curves of cells in models including reduction and interaction factors were obtained by numerical analysis with a computer using suitably developed software with visual programming.
RESULTS

Reduction factor q(t i )
According to TDRA 4) , the reduction factor, q(t i ) , which reduces the effects of the squared dose, D 2 ( cf .
Eq. (6)), is given as follows when a constant dose rate is assumed, where t i is the irradiation time:
Eq. (9), which was obtained by replacing n t /n 0 in Eq. (8) with the first-order repair function, exp(-kt) (Eq.
(2)) = exp(-tln2/τ), was used as a reduction factor in older models [5] [6] [7] . Here, t i was replaced by t after calculating Eq. (8), (9) For a revised reduction factor, Eq. (10) was obtained by replacing n t /n 0 in Eq. (8) with the 'reciprocal-time' pattern of repair function (Eq. (5)). (10) Eqs. (9) and (10), evaluated as a function of t and assuming τ = 55 min, are shown in Fig. 1 . Both reduction factors decreased with the irradiation time. However, the reduction factor based on the first-order repair function (F) was slightly higher at shorter irradiation times than that based on the 'reciprocal-time' pattern of the repair function (R), but became inversely lower at longer irradiation times. This suggests that in the older models the reduction factor was underestimated for a long irradiation time, implying an overestimation of cell survival.
Interaction factor, q12(t 1 , t 2 , T)
According to the procedures of Zaider and 
.
Rossi 5) and Suzuki 6) , the interaction factor, the interaction factor, q 12 (t 1 , t 2 , T), which reduces the contribution of the interaction of two doses of different types of radiation, is defined as follows 5) : (11) where T is the time between the end of the first irradiation and the start of the second irradiation, t i the irradiation time of radiation i and I12(t) the distribution of the time intervals between dose increments 5) Mixed irradiation with two types of radiation is divided into three types: (a) sequential with and without a time delay, (b) partially simultaneous, and (c) completely overlapping, as shown in Fig. A in Appendix. For each mixed irradiation, the interaction factor, q 12 (t 1 , t 2 , T) (Eq. (11)), is calculated in Appendix and represented by (12) where ( To compare the interaction factors based on the first-order and 'reciprocal-time' pattern of the repair functions, we analyzed the interaction factors in sequential irradiation without any time delay and assuming t 1 = t 2 . These interaction factors are represented by Eqs. (13) 5,6) and (14) (t 1 = t 2 = t and T=0 in Eq. (12) with Eq. (12-1)), respectively: 
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Both interaction factors decreased with the irradiation time. However, as can be seen for the reduction factors in Fig. 1 , the interaction factor based on the first-order repair function was also higher at shorter irradiation times than that based on the 'reciprocaltime' pattern of the repair function, but became lower for longer irradiation times.
For simultaneous irradiation, it was shown that the interaction factor was the same as the reduction factor 6) . In fact, inserting t 1 = t 2 = -T in Eqs. (12) and , which is the condition of completely simultaneous irradiation, leads to Eq. (10), which is the reduction factor. Hence, the reduction factors in Fig. 1 also represent the interaction factors of simultaneous irradiation.
Calculated survival curves in models based on the first-order repair function and the 'reciprocal-time' pattern of the repair function
The findings obtained above suggest that the cell survival is not greatly affected by the types of reduction and interaction factors for short irradiation times, but that it might be overestimated by the reduction and interaction factors based on the first-order repair function for long irradiation times. To examine whether or not this suggestion is true, we calculated the surviving fractions of cells based on the two models of mixed irradiation using α, β, τ and a. The survival parameters, α (Gy -1 ) and β (Gy -2 ), for Chinese hamster V79 cell line were obtained from experiments (Table 1) , and the first half time, τ (min), and the dose-rate, a (Gy/min), were assumed to be 55 and arbitrary values, respectively. 12 (10)) by assuming the low (L) and high (H) dose-rates to be (a) 0.006 and 0.6 Gy/min for X-rays and (b) 0.002 and 0.2 Gy/min for 12 C-ions, respectively. Survival curves at high dose-rates (HF and HR) were almost superimposed in both models. However, the survival curves at low dose rates (LF and LR) were different between both models; higher survivals in the model with the first-order repair function (F) than the 'reciprocaltime' pattern of the repair function (R) (Figs. 2(a) and  2(b) ). These results proved the suggestion to be true. However, four survival curves with 20 Ne-ions could not be distinguished from one another (data not shown), implying little or no dose-rate effect of 20 Neions (a very high LET of 219 keV/µm and a very low β value of 0.0006 Gy -2 ). (7)) based on the first-order repair function (F) and the 'reciprocal-time' pattern of repair function (R) using the LQ model parameters α and β obtained from experiments (Table 1) 
3-1. Single irradiation with X-rays or
C-ions
3-2. Mixed irradiation with two types of radiation
Although there are many types of mixed irradiation, those numerically evaluated were simultaneous mixed irradiations with X-rays and 12 C-ions (Fig. 3 , n = 2 in Eq. (7)) with the first-order repair function (F; Eq. (9)) and the 'reciprocal-time' pattern of the repair function (R; Eq. (10)) assuming the low (L) and high (H) dose-rates to be 0.006 and 0.6 Gy/min for X-rays and 0.002 and 0.2 Gy/min for 12 C-ions, respectively. As seen with single irradiations (Figs. 2(a) and 2(b) ), the differences were observed only at lower dose-rates in mixed irradiation with two types of radiation (LF and LR in Fig. 3 ). These results also proved the suggestion to be true. The newly proposed model, therefore, would be more accurate, especially when the dose-rates are lower. At all events the models can estimate the survival of cells exposed to radiation if the LQ model parameters, α and β, the dose-rate and the irradiation time of each radiation are known.
DISCUSSION
The action of mixed irradiation with two or more types of radiation is not always clear [13] [14] [15] . Several models for cell survival after mixed irradiation with two types of radiation have been proposed in the last two decades 5, 6, [16] [17] [18] [19] [20] . A simple monoexponential repair function, Eq. (2), was used in the models 5, 6) . Although it was well known that the repair kinetics of DNA damage was not monoexponential, but bi-or tri-exponential both in vitro 21) and in vivo 22, 23) , this concept had not been incorporated into a model of mixed irradiation. Recently, Fowler 8) analyzed the literature on the repair of radiation-induced DNA damage, and showed that such non-monoexponential repair kinetics could be expressed by only one parameter, assuming second-order repair kinetics (i.e., Eq. (3)). Taking this analysis into consideration, we revised the models for cell survival following mixed irradiation, changing the monoexponential repair function in the older models to the 'reciprocal-time' pattern of the repair function (Eq. (5)). However, the meaning of Eq. (5), in which τ was assumed to be independent of the dose, is not clear; namely, it is particularly important to stress that Eq. (5) is an inductive equation at present, as described in Introduction, although some predictions of this reciprocal straight line process have been discussed by Goodhead 24) , Fowler 8) and Dale et al. 9) . As mentioned above, Fowler showed that a reciprocal plot of unrepaired DNA damage was linear with time after irradiation. This result may indicate that the damage is repaired according to Eq. (5). However, the linearity of a reciprocal plot is not always evidence of Eq. (5). In general, multiexponential kinetics is expressed as follows: (15) C-ions (n = 2 in Eq. (7)) based on the first-order repair function (F) and the 'reciprocal-time' pattern of repair function (R) using the LQ model parameters, α and β , obtained from experiments (Table 1 ) and assuming τ = 55 min and low (L) and high (H) dose-rates of 0.006 and 0.6 Gy/min for X-rays and 0.002 and 0.2 Gy/min for 12 C-ions, respectively (i.e., a dose ratio of X-rays to 12 C-ions is 3). HF and HR are superimposed. . These facts, therefore, indicate that a linear reciprocal plot alone does not clarify the repair mechanism. Apart from the correctness of the mechanism, it would be much easier to obtain Eq. (5) than Eq. (15) from the experimental data, and to formulate the reduction and interaction factors using Eq. (5) than Eq. (15), since the numbers of parameters are 1 and 2n-1 in Eqs. (5) and (15), respectively. Therefore, new models would be useful for simple and accurate expression or prediction of cell survival with mixed irradiation.
We compared numerically the older and newly modified models for single irradiations and simultaneous mixed irradiations with two types of radiation (Figs. 2 and 3 ) . The difference in survival was observed at lower dose-rates, but not observed at higher dose-rates, which means that the new model is of value especially at lower dose-rates. However, recent experimental phenomena which might affect the validity of the LQ model at low doses (e.g., radiation adaptive response, low-dose hypersensitivity, bystander effects)
have not yet been considered in these models because these phenomena have not been widely observed or well quantified for formulation.
It is possible to estimate the difference in the interaction factor between sequential and simultaneous mixed irradiation. The interaction factors based on the 'reciprocal-time' pattern of the repair function in sequential and simultaneous mixed irradiations represented by Eqs. (14) and (10), respectively, could be seen (data not shown). As expected, the interaction factor of simultaneous irradiation was greater than that of sequential irradiation, and consequently cell survival following simultaneous irradiation was lower than that following sequential irradiation. The same was true for the interaction factor based on the first-order repair function.
The models presented here for mixed irradiation are based on the LQ model for a single irradiation. There are three reasons why other models of radiation action, such as the saturable repair model 24) , the repair-misrepair model 17) , the multitarget model with an initial slope 25) , the lethal-potentially lethal model 26) , the cybernetic model 27) , the metabolic theory model 28) and the multitarget model 29) were not used. First, the LQ model, which has often been used recently 8, [10] [11] [12] , is the simplest, so that its extension to the model for mixed irradiation would be the simplest. Millar et al. attempted to fit their cell-survival data to the LQ model, the multitarget model and the multitarget model with the initial slope, but they could not show the validity of any particular model 30) . Therefore, if the validity is the same, the simplest model should be adopted for convenience. As mentioned above, however, simple does not always mean correct in terms of the model. Second, because the LQ model had the most reliable parameters, comparisons of cell survivals could be made more reliably 31) . Third, the Zaider and Rossi model, which was derived from the LQ model, showed a good fit to the experimental data of mixed irradiation with two radiations 6) . Although there is no doubt that other models cited above can be used, it would be another story and too complicated to make models for mixed irradiation.
In the present model, which originated from TDRA 4) and the Zaider and Rossi model 5) , it is assumed that only the β term of the LQ model depends on the dose-rate, whereas the α term does not, and that the characteristic of particles is the same as that of photons. We think that these assumptions are relevant, though we might have to examine their validity especially at low doses and dose rates. It might also be argued that for high LET radiation there is little or no relevant amount of SLD repair and, therefore, the specific form of repair kinetics used is numerically irrelevant to this part of the mixed-irradiation model. However, mixed irradiation does not always contain high-LET radiation and, moreover, its β term is not always zero (Table 1) .
CONCLUSIONS
The models of cell survivals for mixed irradiation with two types of radiation 5, 6) and for simultaneous irradiation with multiple types of radiation 7) have been revised using the 'reciprocal-time' pattern of the repair function Eq. (5), and are summarized in Table 2 . These newly modified models for mixed irradiation would express, or predict, cell survival more accurately than the older ones, especially when irradiation is prolonged at low dose rates. Eq. (7) Eq. (10) Eq. (10) a) The Zaider and Rossi model 5) b) The extended Zaider and Rossi model 6) c) The model for simultaneous irradiation with multiple types of radiation 7) ( ) 
Partially simultaneous irradiation
The partially simultaneous mixed irradiation partially overlaps as shown in Fig. A(b) , and Eq. (A4), which is Eq. (A1) in Ref. 5) , was used as I 12 (t).
(A4) From Eqs. (11) (the interval of the definite integral is 0 to t 1 + t 2 -T instead), (5) and (A4), Eq. (A5) was obtained for q 12 (t 1 , t 2 , T) in partially simultaneous irradiation:
The interaction factor of completely simultaneous irradiation, which is a special case of this type of mixed irradiation, is represented by Eq. 10 regarding t 1 = t 2 = T = t in Eq. (A5).
Sequential irradiation without time delay is another special case of this type of mixed irradiation. One obtains Eq. (A3) for the interaction factor by replacing T by 0 in Eq. (A5).
Mixed irradiation in which one irradiation completely overlaps another
In this mixed irradiation, delivery of the second type of irradiation is completed earlier than that of the first type of irradiation, as shown in Fig. A(c) . After 
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